Current insights in the pathogenesis of multiple organ dysfunction in patients with sepsis point to a pivotal role of inflammation and coagulation. One of the most important mechanisms contributing to the activation of coagulation in sepsis is the downregulation of physiologic anticoagulant systems, such as the antithrombin pathway. More than 20 years ago, Eberhard Mammen already hypothesized that coagulation activation and antithrombin were important factors in patients with sepsis. Abundant experimental and clinical studies have supported that notion in recent years. The better understanding of the pathogenesis of coagulation activation and the role of natural anticoagulants in sepsis has led to the development of anticoagulant factor concentrates, such as antithrombin concentrate. Clinical studies indicate that these interventions may have a role in the (supportive) treatment of patients with sepsis, mostly based on surrogate outcomes, but ongoing studies will have to confirm a beneficial effect in reducing mortality.
It has been known for decades that many patients with sepsis present with coagulation abnormalities; however, in the previous century, the clinical relevance of these findings was not always clear and generated some debate in the literature. 1 Eberhard Mammen was one of the first authors to recognize the central role of hemostatic changes in patients with severe infection and sepsis and summarized these thoughts in a series of comprehensive review articles. 2, 3 He argued that not only in its most extreme form (i.e., disseminated intravascular coagulation [DIC] ), but also in more subclinical manifestations, coagulation could play an important role in the pathogenesis of organ dysfunction in patients with sepsis. Indeed, recent findings confirm these hypothetical thoughts of Eberhard Mammen. [4] [5] [6] There are several lines of evidence confirming that activation of coagulation in concert with inflammatory activation can result in microvascular thrombosis and thereby contribute to multiple organ failure in patients with severe sepsis. 7 First, extensive data has been reported on postmortem findings of patients with coagulation abnormalities and DIC in patients with severe infectious diseases. 8, 9 Importantly, the presence of these intravascular thrombi seems to be clearly and specifically related to the clinical dysfunction of the organ. Second, experimental animal studies of DIC show fibrin deposition in various organs. Experimental bacteremia or endotoxemia causes intravascular and extravascular fibrin deposition in kidneys, lungs, liver, brain, and various other organs. Amelioration of the hemostatic defect by various interventions in these experimental models appears to improve organ function (i.e., reduce organ failure) and, in some but not all cases, improve mortality. [10] [11] [12] [13] Interestingly, some studies indicate that amelioration of the systemic coagulation activation will have a profound beneficial effect on resolution of local fibrin deposition and improvement of organ function/reduction in failure. 14, 15 Lastly, clinical studies support the notion of coagulation as an important denominator of clinical outcome. DIC has shown to be an independent predictor of organ failure and mortality in patients with sepsis. 16, 17 ANTICOAGULANT FACTORS IN SEPSIS In general, activation of coagulation is regulated by three major anticoagulant pathways: antithrombin, the protein C system, and tissue factor pathway inhibitor. 18, 19 During sepsis-induced activation of coagulation, the function of all three pathways can be impaired. The protein C pathway has attracted a lot of attention in recent years, not only because the central role of this system in modulating both coagulation and inflammation in sepsis has been demonstrated, but also because restoration of this pathway, by administration of recombinant human activated protein C, was shown to be beneficial in patients with severe sepsis. Also, animal experiments of severe inflammation-induced coagulation activation convincingly show that compromising the protein C system results in increased morbidity and mortality, whereas restoring an adequate function of activated protein C improves survival and reduces organ failure. 20, 21 Interestingly, mice with a one-allele targeted deletion of the protein C gene (resulting in heterozygous protein C deficiency) have more severe DIC and organ dysfunction and a higher mortality than do wild-type littermates. 22 However, more than 25 years ago, antithrombin was also recognized as an important regulator of coagulation, and possibly also inflammation, in patients with sepsis. Eberhard Mammen was one of the first who identified the importance of this coagulation inhibitor and the potential for antithrombin replacement in patients with severe sepsis. [23] [24] [25] Although at present the ultimate proof that antithrombin concentrate in patients with sepsis will reduce mortality has still to come, there is quite some evidence for a potentially beneficial effect of this treatment strategy.
ROLE OF ANTITHROMBIN IN COAGULATION AND INFLAMMATION ACTIVATION IN SEPSIS
Antithrombin predominately inhibits factor Xa and thrombin and also has inhibitory properties toward tissue factor-factor VIIa (TF-FVIIa) and FIXa. The anticoagulant properties of antithrombin have been shown extensively in vivo. 26 For example, treatment with antithrombin improved survival, concurrently in-hibiting the procoagulant response and hyperinflammation during severe sepsis in the baboon. 27, 28 Most notably, infusion of antithrombin dose-dependently reduced TF-triggered coagulation and, moreover, ameliorated IL-6 production in a human model of endotoxemia. 29 Apart from its anticoagulant activities, antithrombin has been described to possess direct antiinflammatory activity. For example, on human umbilical vein endothelial cells, antithrombin increased prostacyclin formation, and administration of heparin abolished this effect. 30 Indeed, antithrombin decreased ischemiareperfusion injury in the rat liver by increasing the hepatic lever of prostacyclin 31 and also in another model of ischemia-reperfusion in a prostacyclin-dependent manner. 32 Moreover, antithrombin reduces leukocyte rolling on the endothelium. 33 In sepsis, plasma levels of antithrombin are markedly decreased due to a combination of an impaired synthesis as a result of a negative acute-phase response and impaired liver function, degradation by elastase from activated neutrophils, and, importantly, consumption as a result of ongoing thrombin generation. 34 The anticoagulant activities of antithrombin are normally accelerated, to a large extent, by heparin-like glycosaminoglycans (GAGs), such as heparan sulfate (HS), that are abundantly present on the endothelial surface in the glycocalyx. Proinflammatory cytokines, such as tumor necrosis factor-a, degrade the glycocalyx and reduce the synthesis of GAGs on the endothelial surface, which contributes to reduced antithrombin function in sepsis. 35 It was shown recently that specific disruption of the glycocalyx results in thrombin generation and platelet adhesion within a few minutes. 36 Moreover, loss of glycocalyx in vivo has been associated with subendothelial edema formation. 37 It seems conceivable that the glycocalyx is disturbed in sepsis also, although evidence for this is still preliminary. The role of the glycocalyx in modulating endothelial function, including anticoagulation, and the role of the endothelium in modulating the glycocalyx in sepsis surely need further research.
CLINICAL TRIALS OF ANTITHROMBIN CONCENTRATE IN SEPSIS
Antithrombin replacement therapy in patients with severe sepsis and DIC has been used since the 1980s. The rationale for this adjunctive treatment strategy is based on the notion that natural anticoagulant pathways are defective in patients with a severe systemic inflammatory response upon infection, and this may play a central role in the systemic generation of thrombin and subsequent formation of microthrombi, which may in turn contribute to the pathogenesis of organ dysfunction. 38, 39 Indeed, plasma levels of antithrombin are (very) low in patients with sepsis and are independent predictors of the clinical outcome. 17, 40 A substantial drop in the level of circulating antithrombin has been demonstrated to be a very early phenomenon in sepsis, lending support to the idea that this protease inhibitor is involved in the pathogenesis of the disease. In addition, experimental studies suggest that antithrombin may not only have anticoagulant properties but also may modulate inflammatory responses. 27 Previous studies have shown that the strong interaction between coagulation and inflammation may indeed be a suitable pointof-impact of new adjunctive strategies in patients with severe sepsis. 5, 41 Antithrombin concentrate has been evaluated in several small clinical trials. All trials show some beneficial effect in terms of improvement of a DIC score, shortening of the duration of DIC, or even improvement in organ function. Because all trials, however, used highly variable criteria for assessing these outcomes, it is hard to compare results with one another. In the more recent clinical trials, very high doses of antithrombin concentrate to attain supraphysiologic plasma levels were used, and the beneficial results in these trials seem to be more distinct. Some trials showed a modest reduction in mortality in antithrombin-treated patients; however, the effect never reached statistical significance. Aggregate results suggested at least a trend toward a reduction in mortality from 47 to 32% (odds ratio, 0.59; 95% confidence interval, 0.39 to 0.87). 42 A large, randomized, controlled clinical trial in 2314 patients with severe sepsis (Kybersept trial), however, did not demonstrate a difference between treatment with antithrombin for 4 days versus placebo. 43 Interestingly, the subgroup of patients that did not receive concomitant heparin (which was at the discretion of the attending physician) had a clear trend toward a better survival at 28 days, which was statistically significant at 90 days. Apparently, the combination of antithrombin concentrate and administration of heparin does not work out very well. Interestingly, this conclusion was already suggested in the very first clinical trials of antithrombin in patients with DIC 25 years ago but may have been forgotten over time. 44 
THE COMBINATION OF ANTITHROMBIN CONCENTRATE AND HEPARIN
The fact that intravenous infusion of antithrombin did not alter mortality in patients with sepsis may possibly be due to the fact that the antithrombin effect may have been obscured by concurrent heparin treatment, considering that heparin, which is a highly sulfated version of heparan sulfate, has been found, like other soluble GAGs, to antagonize the anti-inflammatory and microcirculatory effects of antithrombin. 30 Heparin sulfate polysaccharides are ubiquitously expressed as heparan sulfate proteoglycans (HSPGs) on cell surfaces such as the endothelium. Direct binding of bacteria to HSPGs on alveolar epithelium has been described; however, this phenomenon has not been reported for HSPGs on endothelium, nor has this finding been substantiated in vivo. 45 GAGs have been shown to interfere with antibacterial properties of the antimicrobial cathelicidin LL-37. The same phenomenon could play a role with heparin. 46 GAGs have been described to be able to play an important proinflammatory role by participating in almost every stage of leukocyte transmigration through the vessel wall. This holds true especially for HSPGs. Endothelial HSPGs facilitate adhesion of leukocytes to the inflamed endothelium by binding to L-selectin expressed by leukocytes. HSPGs also play a role in endothelial transcytosis and subsequent presentation of chemokines such as IL-8, which is important for leukocyte activation and subsequent production of integrins that tighten leukocyte binding to the endothelium. 47 Moreover, HSPGs facilitate leukocyte transmigration through the vessel wall, possibly by binding proteins that regulate vascular permeability, such as kininogen. 48 To cross the endothelial basement membrane, leukocytes secrete various proteases such as heparanase, which releases growth factors that are normally associated with basement membrane HSPGs. These growth factors play a role in the establishment of an acute and chronic inflammatory reaction by modulating angiogenesis and tissue remodeling. 47 HS polysaccharide structure can vary substantially by different positioning of sulfate groups and by epimerization of glucuronic acid residues to iduronic acid. Together with varying negative-charge densities, this provides for much structural heterogeneity. Binding of different HSPGs to different proteins can affect their biological properties; for example, in growth hormone and chemokine signaling. 48, 49 Although the synthesis of GAGs has been described to be reduced by proinflammatory cytokines, HSPGs specifically can be upregulated in inflammatory conditions. 48 That implies they could play an important proinflammatory role in sepsis. Exogenous heparin, however, could have an anti-inflammatory effect by interfering in the interaction between leukocytes and (sub)endothelial HSPGs, for example, by binding to P-and L-selectin. 50 
THE IMPORTANCE OF THE ANTICOAGULANT EFFECT OF ANTITHROMBIN IN SEPSIS
A recent paper showed that shortly after the administration of antithrombin to patients with severe sepsis, D-dimer levels sharply decreased. 51 It should be remembered that in the phase II dose-finding study of recombinant human activated protein C in patients with severe sepsis that preceded the successful placebo-controlled trial showing a survival benefit of this treatment, the dose of activated protein C was based on the reduction in D-dimer levels. 52 In addition, recent analyses of the Kybersept database reveal that the presence of DIC is a strong predictor of a beneficial effect of antithrombin. In fact, patients that did not receive heparin and that had a positive DIC score (according to the international scoring system) 53 had a relative risk reduction for death of~30%, whereas patients that did not have DIC had no treatment benefit. This finding is reminiscent of data from the phase III Prowess trial of recombinant human activated protein C in patients with severe sepsis, showing that patients with DIC had a relatively larger reduction in mortality than did patients without DIC. 54 This may indicate that for selected patients with severe sepsis, administration of antithrombin concentrate may be beneficial. This hypothesis, however, needs prospective confirmation in a properly designed, randomized, controlled clinical trial, which is currently under way. The odds of finding a successful result by administering antithrombin to patients with severe sepsis in such a trial may be greatly improved by the recent insights mentioned above and would evidently have a potentially major impact on the treatment of patients with severe sepsis.
CONCLUSION
The importance of coagulation in the pathogenesis of sepsis and the relative contribution of impaired anticoagulant pathways, in particular the antithrombin system, was highlighted by Eberhard Mammen's work well before these concepts became mainstream insights. 2, 25 It is interesting to see how quickly this improvement in the understanding in sepsis pathogenesis is translated into new treatment options for patients with a deranged coagulation system as a consequence of severe sepsis. 39 Many of these treatment modalities are currently being evaluated in clinical trials and will hopefully ultimately contribute to a better outcome of patients with severe sepsis.
